ABSTRACT Analysis of the chicken reproductive tract transcriptome is important in comparative biology for analysis of reproductive tract development and evolution. In addition, molecular analysis of the reproductive tract is important for identification of genes affecting fertility in the poultry industry. We sampled the chicken reproductive tract (ovary, oviduct, and testis) transcriptome, generating 5,328 expressed sequence tags that assembled into 4,518 contigs. We identified 475 contigs
INTRODUCTION
The chicken genome project (Wallis et al., 2004) draft genome assembly provides a wealth of information to extend use of the chicken as a model organism in developmental and comparative biology. The genome assembly aids in gene identification, gene mapping, and genetic analysis. The chicken has been instrumental in comparative studies, particularly in developmental biology, neurobiology, and immunology, adding tremendous insight for the understanding of vertebrate systems. Comparative genomics will elucidate key conserved chromosomal sequences and gene sequences, whereas comparisons of transcript profiles in various tissues will identify conserved and divergent developmental processes. One limitation of the assembly is that current gene recognition algorithms may miss as many as 10% of protein-coding genes, thus requiring corresponding cDNA projects (Ota et al., 2003) . We are interested in elucidating similarities and differences between mammalian and chicken gonadal development and gametogenesis to better understand these central processes in reproduction. For the chicken, expressed sequence tag (EST) databases have been developed for over 20 different adult and embryo tissues, including muscle, brain, lymphoid tissue, ovary, and testis (Boardman et al., 2002; Cogburn et al., 2003; 1 Corresponding author: drhoads@uark.edu 1438 with no match in the current expressed sequence tag databases or in GenBank. The novel contigs included 31 with no match to the current assembly of the chicken genome, 119 representing spliced transcripts, and 309 that were unspliced. More detailed molecular characterization of the 428 novel contigs present in the assembly will be important to gene discovery and annotation of the chicken and other vertebrate genomes. Hubbard et al., 2005; Kim et al., 2005; Shin et al., 2005) . However, transcriptomes for chicken male and female reproductive tracts remains largely uncharacterized. We initiated a joint project to characterize a University of Delaware chicken reproductive tract library. We assembled and annotated an EST data set from a mixed reproductive tract library from the chicken. We compared this EST database with other databases including chicken EST databases. Our results suggested that further characterization of the reproductive tract transcriptome is essential to better gene annotation of the chicken genome.
MATERIALS AND METHODS
A reproductive tract library, provided by L. Cogburn (University of Delaware, Newark), was constructed from testis (25%), ovary (50%), and oviduct (25%) RNA. Tissue RNA were from testis: embryonic (d 19), posthatch (5, 7, 13, 21, and 35 wk of age), and adult (1 yr old); ovary: posthatch (5, 7, and 8 wk of age) and adult (1 yr old); and oviduct: entire oviduct from an immature hen (15 wk of age) plus 3 segments of oviduct (magnum, uterus, white isthmus) from sexually mature adults (37 wk of age) at 3 or 16 h postovulation. The library was directionally cloned in pCMV-SPORT 6 and maintained in Eschericia coli EMDH10B, similar to other tissue cDNA libraries (see http://www.chickest.udel.edu; Cogburn et al., 2003) . A portion of the library was normalized by Invitrogen (Invitrogen Inc., Carlsbad, CA). Individual bacterial clones from the normalized and nonnormalized libraries were cultured, and plasmid inserts were amplified from crude cell lysates. Specifically, 5 L of bacterial overnight growth was diluted to 50 L with sterile water. The mixture was heated at 100°C for 10 min and submitted to the University of Arkansas DNA Core Laboratory for PCR amplification and sequencing. Culture extract (5 L) was amplified in a 50-L of PCR reaction with flanking M13 forward and reverse primers. The PCR reactions contained of 1 M primers, 200 M dNTP, 50 mM TrisCl (pH 8.3), 1 mM MgCl 2 , 100 mM KCl, 3 mg/mL of highly purified BSA, and 15 U Taq polymerase. The PCR parameters were 94°C for 3 min then 25 cycles of 94°C for 30 s, 45°C for 30 s, and 72°C for 3 min, followed by 72°C for 3 min. The PCR products were purified on Qiagen 96-well manifolds (Qiagen Inc., Valencia, CA) and eluted into 100 L of water, and an aliquot (5 L) was subjected to sequence determination using an internal primer specific for the 5′-end of the cloned mRNA. Some PCR products were sequenced using Beckman CEQ chemistry and detected on a Beckman CEQ (Beckman-Coulter Agencourt Bioscience Corp., Beverly, MA), whereas others were sequenced using BigDye chemistry and detected on an ABI 3100 (Applied Biosystems, Foster City, CA). The EST sequences were then trimmed of vector sequence, and those EST with more than 100 bases of high quality were assembled into contigs using SeqMan (version 6.0, DNASTAR Inc., Madison, WI). Trimmed EST were deposited into the GenBank database of EST (dbEST; accession numbers DT654631 to DT659958). Contigs less than 100 bp were not included for BLAST analyses. Consensus contig sequences were used in BLAST queries with cutoff e-values of 10 −20 for GenBank nonredundant [(NR) 12/ 19/2003; 9,572,270,928 (Hubbard et al., 2005) , obtained from http://www.chick. umist.ac.uk/], or with a cutoff of 10 −30 for whole genome shotgun trace files for the chicken genome project [10,564,548,474 bases in 10,768,939 sequences] . Contigs with no match against the trace files were then used in a BLAST search of the whole genome shotgun-contigs database at the National Center for Biotechnology Information (Bethesda, MD) representing the chicken genome assembly. Potentially spliced contigs were identified through BLAT searches on the University of California Santa Cruz genome browser (http://genome.ucsc.edu). Potentially spliced contigs were those with a BLAT score >90% of contig length and a BLAT span >100 + contig length.
RESULTS AND DISCUSSION
We picked 1,000 colonies from the nonnormalized library and 6,200 colonies from the normalized library. We used a rapid PCR method to amplify inserts from boiled extracts from each culture. During the course of this project, we found that by adding extra (2 to 3×) Taq polymerase and extending the extension times, we could reliably amplify up to 6-kb inserts with this method. The PCR products were purified and then directly subjected to DNA sequencing. From the 7,200 clones, we obtained high quality sequence (>100 bp) from 5,328 EST sequences representing 2,284,463 bases. These sequences assembled into 4,518 contigs comprising 1,943,134 bases.
We then used BLAST searches with high cutoff values to identify those contigs with significant matches in public gene databases. High e-values were used to assure identification of significant matches and minimize false hits. For example, in BLAST searches of the GenBank NR database, use of e-values above 10 −20 allowed for matches of 85% over 50 bases, which included CR-1 repeats. E-values less than 10 −20 required more identities over more extensive regions (e.g., 90% over 120 bases). The results for the BLAST searches of 4 different databases are summarized in Table 1 . For the GenBank NR database, 3,441 contigs (76%) identified significant homologs, whereas 3,891 (86%) of the contigs had matches in GenBank dbEST. The BLAST searches of the assembled contigs for ChickEST indicated that 863 (19%) of our contigs had not been previously identified in this extensive collection of Chick-EST data. More importantly, there were 614 contigs with no match in either dbEST or ChickEST (intersection of the sets not in dbEST and not in ChickEST). However, of these 614 contigs not in EST databases, 139 contigs do not match sequences in GenBank NR. Of these 139 contigs with matches in GenBank, 105 are annotated in GenBank as predicted mRNA from automated computational analysis of genome assemblies. Our data therefore confirm these predicted transcripts, at least for the chicken. Of the remaining 475 contigs (those contigs not in EST databases and not in Genbank NR), 444 have significant matches in the current assembly, whereas 31 have no match in the assembly. These 31 matchless contigs consist of 30 singletons and 1 contig of 2 EST. There were a total of 198 contigs that failed to significantly align with the current assembly, in close agreement to the estimate of 5% for missing sequences based on the 7.04 × genome coverage (Wallis et al., 2004) .
To further examine whether the 444 novel chicken contigs (no match in dbEST, ChickEST, and GenBank NR but with matches in the assembly) represent coding sequences, we used these contigs in a BLAST search of the TIGR G. gallus gene index (GGGI, version 10.0, 2/15/ 2005) using a more relaxed BLAST cutoff of 10 −15 , to allow for matches in short exons. This identified 16 of the 444 contigs with entries in the GGGI, leaving 428 contigs with matches in the assembly but no match in the GGGI, dbEST, ChickEST, and GenBank NR. Of these 428 contigs, 1 contained 3 EST, 13 were doublets, and 414 were singletons. With 2 or more entries, 14 of these contigs were highly likely to be new mRNA, as yet uncharacterized in the chicken or other EST projects. The other 414 represented new candidates for G. gallus genes or 5′-regions of transcripts with no overlap to 3′-regions from other EST projects.
Others have reported that testis-derived ChickEST have a high incidence (76%) of unspliced EST, contigs that are Contigs were scored for which databases contained significant matches. Databases were NR = GenBank nonredundant; dbEST = GenBank database of expressed sequence tags (EST); ChickEST = chicken EST; and Genome = GenBank Gallus galllus whole genome sequence trace files and whole genome sequence contigs. For each database, the total number of contigs with (Y) and without (N) matches are indicated along with percentages.
colinear with the genome assembly . The 428 novel reproductive tract contigs were therefore analyzed by BLAT searches to determine which represented probable splice products. This identified 309 of 428 contigs (72%) as unspliced, in close agreement with previous estimates for testis EST (Shin et al., 2005) . The unspliced contigs included 9 contigs with multiple EST (1 contig of 3 EST and 8 contigs of 2 EST). A number of the unspliced contigs appeared to come from introns of predicted (NCBI:RefSeq, http://www.ncbi.nlm.nih.gov/ RefSeq/) genes. The 119 potentially-spliced contigs included 4 contigs of 2 EST. Alignments of these contigs with the assembly show that most, but not all, conform to canonical splice junctions. Many of the contigs spanned multiple exons with a range from 2 to 6 exons. For example, EST DT657601 includes 6 exonic sequences of 41, 40, 91 42, 90, and 135 bases spanning 20,331 bases on GGA6. The 5′-end of our EST overlaps the 5′-end of an antisense EST, BU370869, from an adult (tissue not defined). Another example, DT657216, defines exons of 28, 139, 100, 90, and 83 bases spanning 5,284 bases of GGA5, with no other EST within nearly 50 kb. There was no apparent chromosome bias for novel EST, as most chromosomes were represented, and no chromosome appeared to be overrepresented.
To test whether the 428 novel transcripts contained protein-coding information, we used tblastx searches of the GenBank NR protein database using a relaxed cutoff (10 −10 ) to identify short, potential protein domains. Only 15 contigs identified matches (5 spliced contigs and 10 unspliced contigs). Of these, 6 matched predicted proteins from G. gallus, but the region of conservation is limited (50 to 60% identity over 70 to 100 residues). Therefore, our contigs are only distantly related to these predicted proteins.
To compare the quality of the normalization, we examined the frequency of EST from the 2 libraries in those contigs with 7 or more EST (Table 2 ). In addition to the 7 contigs comprised of at least 7 EST listed in Table 2 , there were 5 contigs of 6 EST, 8 contigs of 5 EST, 28 contigs of 4 EST, 94 contigs of 3 EST, 441 contigs of 2 EST, and 3,935 contigs represented only by a single EST. The most frequent EST, for ovalbumin, represented 15% (124/855) of the EST in the nonnormalized library but less than 0.2% in the normalized library, which is approximately the frequency of the most abundant EST in the normalized library. All of the mitochondrial cytochrome oxidase I EST were identified from the nonnormalized library (8/855) but none from the 4,473 cDNA from the normalized library. Based on the different frequencies with which EST were isolated from the normalized vs. nonnormalized libraries, it appears that cDNA sequence may have an affect on the efficiency of normalization. For example, normalization appears to have significantly reduced the frequency of ovalbumin cDNA and significantly reduced the number of transcripts from cytochrome odixase I. Conversely, EST to the hypothetical protein AJ851805.1 were not found in the nonnormalized set but among the most abundant EST in the normalized library.
Comparison of our 4,518 contigs with 339,314 EST from adult and embryo chick tissues, including nearly 30,000 ovary EST (Boardman et al., 2002) , revealed that 614 of our contigs identified genes previously uncharacterized as EST from the chicken (not in ChickEST or dbEST) and that 475 represented potentially new transcripts. It will be important to further characterize these 475 transcripts by generating finished, full-length cDNA sequence. As these EST are from a mixture of embryonic, adult, male, and female tissues, it will be important to determine the expression profiles for these novel transcripts. Finished cDNA sequences for these genes will be crucial for gene prediction models, as well as improved annotation of the chicken genome (Wallis et al., 2004; Hubbard et al., 2005) . Analysis of the mixed reproductive tract library clearly shows that the chicken reproductive tract transcriptome is poorly documented. Based on the number of singletons and the percentage of novel contigs we have identified from this project, we believe that further sequencing in the normalized library is warranted to further explore its depth. Development of additional EST databases for specific reproductive tract tissues will also be important.
